MICROENCAPSULATED AND MACROENCAPSULATED 
DRAG REDUCING AGENTS 

Field of the Invention 

5 [0001] The invention relates to encapsulating compounds to be added to fluids to 
modify a characteristic thereof, more particularly to agents to be added to fluids 
flowing through a conduit to reduce the drag therethrough, and most particularly to 
encapsulated drag reducing agents (EDRAs) for liquids such as hydrocarbons, 
aqueous solutions, and emulsions of water and hydrocarbons. The drag reducing 
1 0 agents are encapsulated in a shell that is removed prior to, during and/or after 
introduction of the EDRA into the flowing fluid. 

Background of the Invention 
[0002] The use of polyalpha-olefins or copolymers thereof to reduce the drag of a 

15 hydrocarbon flowing through a conduit, and hence the energy requirements for 
such fluid hydrocarbon transportation, is well known. These drag reducing agents 
or DRAs have taken various forms in the past, including slurries of ground polymers 
to form particulates. A problem generally experienced with simply grinding the poly- 
alpha-olefins (PAOs) is that the particles will "cold flow" or stick together after the 

20 passage of time, thus making it impossible to place the PAO in the hydrocarbon in 
a form that will dissolve or otherwise mix with the hydrocarbon in an efficient man- 
ner. Further, the grinding process degrades the polymer, thereby reducing the drag 
reduction efficiency of the polymer. 

[0003] One common solution to preventing cold flow is to coat the ground polymer 
25 particles with an anti-agglomerating agent. Cryogenic grinding of the polymers to 
produce the particles prior to or simultaneously with coating with an anti-agglomer- 
ating agent has also been used. However, some powdered or particulate DRA slur- 
ries require special equipment for preparation, storage and injection into a conduit 
to ensure that the DRA is completely dissolved in the hydrocarbon stream. 
30 [0004] Gel or solution DRAs have also been tried in the past. However, these 
drag reducing gels also demand specialized injection equipment, as well as pres- 
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surized delivery systems. They are also limited to about 10% polymer as a maxi- 
mum concentration in a carrier fluid due to the high solution viscosity of these 
DRAs. Thus, transportation costs of the DRA are considerable, since up to about 
90% of the volume being transported and handled is inert material. 
5 [0005] Thus, it would be desirable if a drag reducing agent could be developed 
which rapidly dissolves in the flowing hydrocarbon, which could minimize or elimi- 
nate the need for special equipment for preparation and incorporation into the 
hydrocarbon, and which could be formulated to contain much greater than 10% 
polymer. 

Is* 1 ' 
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5; Summary of the Invention 

D [0006] Another object of the invention is to provide a high solids DRA that does 

|: not require the use of a gel or solution DRA as the raw material. 

n ; [0007] Other objects of the invention include providing a DRA that can be readily 

q 15 manufactured and which does not require special equipment for placement in a 

£ conduit transporting hydrocarbons or other fluids. 

war 

y i [0008] Another object of the invention is to provide a DRA that does not cold flow 

p upon standing. 

[0009] In carrying out these and other objects of the invention, there is provided, 

20 in one form, a microencapsulated compound for modifying a characteristic of a fluid, 
which includes a core containing the compound, and a shell encapsulating the core, 
where the shell is inert to the core. The compound inside the microcapsule may 
modify the physical and/or chemical characteristics of the fluid. Physical character- 
istics of the fluid modified by such compounds may include, but are not limited to, 

25 viscosity (e.g. thickeners and the like), flow resistance (drag), and surface activity 
(e.g. surfactants and the like), and the like. Chemical characteristics of the fluid 
modified by such compounds, may include, but are not limited to, corrosivity, scale 
formation, polymerization, inhibition of polymerization, pH, and the like. The com- 
pound that is microencapsulated may be already formed polymers, and/or mono- 

30 mers that are to be polymerized within the shell, where the shell is inert to the 
monomer polymerization. 
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[0010] In another embodiment of the invention, there is provided, in another form, 
a microencapsulated drag reducing agent (MDRA) for reducing drag in a liquid 
stream. The MDRA has a core reactive material that includes a monomer, possibly 
solvent for the monomer and eventually polymer from the monomer, and a shell 
5 that encapsulates the core reaction material. The shell is inert to the monomer 
polymerization. Polymerization occurs by known mechanisms during, before or after 
encapsulation. The outside diameter of the MDRA may be from about 20 to about 
1000 microns. The shell is removed before, during or after the introduction of the 
MDRA into the flowing fluid. 
|i 10 [001 1] Another embodiment of the invention involves a particulate compound for 
S modifying a characteristic of a fluid having a core comprising a compound that 

P includes polymers formed within the shell and/or monomers that are polymerized 

J; within the shell, where the shell is inert to monomer polymerization. The particulate 

^ compound also includes a shell encapsulating the core, where the shell is inert to 

O 15 the core. The encapsulated compound (shell and core) is ground to form the par- 
ticulate compound. 

r K=(' 

[0012] An additional embodiment of the invention concerns an encapsulated com- 
p pound for modifying a characteristic of a fluid that includes a core comprising a 

compound that may include polymers formed within a shell and/or monomers that 
20 are polymerized within the shell. A barrier layer is present between the shell and the 
core. The barrier layer is inert to monomer polymerization and the shell encapsu- 
lates a barrier layer and the core. 

[0013] A further embodiment of the invention includes an encapsulated drag 
reducing agent (EDRA) for reducing drag in a liquid stream that includes a core 
25 reaction material comprising a monomer and a pre-polymerized catalyst and a shell 
encapsulating the core reaction material, where the shell is inert to the monomer 
polymerization, and where the monomer is polymerized within the shell. 
[0014] In another embodiment of the invention, prepolymerized DRA could be co- 
extruded with a polymeric wall or outer cylindrical sleeve or layer that could be 
30 pinched by a "pinching and chopping" device. The outer wall or sleeve would be 
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pinched or folded around the cut ends of the DRA to protect the cut ends from cold 
flowing with other ends with which it comes into contact. 

[0015] Another embodiment of the invention involves an encapsulated compound 
for modifying a characteristic of a fluid including a core including polymers formed 
5 within the shell and/or monomers which are polymerized within the shell, where the 
shell is inert to monomer polymerization. The encapsulated compound further 
includes a shell encapsulating the core, where the shell is at least partially com- 
posed of polyethylene oxide of a molecular weight equal to or greater than 100,000 
& weight average molecular weight, that forms a skin on its outer surface and enables 

C j 10 a stable core/shell capsule to form. 

q [0016] A further embodiment of the invention involves an encapsulated compound 
jr! for modifying a characteristic of a fluid that includes a core comprising the com- 

=S pound that may include polymers formed within the shell and/or monomers that are 

^ polymerized within the shell, where the shell is inert to monomer polymerization, 

O 15 The encapsulated compound also includes a shell encapsulating the core, where 
r| materials forming the shell have their water content reduced by a method selected 

Ji; from the group consisting of vacuum stripping, molecular sieves, and combinations 

N thereof. 

[0017] One other embodiment of the invention concerns a blend of drag reducing 
20 agents (DRAs) where one of the DRAs is at least one encapsulated compound 
having a core including the compound of polymers formed within the shell and/or 
monomers which are polymerized within the shell, where the shell is inert to mono- 
mer polymerization. The encapsulated compound also includes a shell encapsulat- 
ing the core to produce an encapsulated drag reducing agent (EDRA). The blend 
25 further includes a second drag reducing agent produced by a process of providing a 
slurry of drag reducing polymer particles in a liquid which is a non-solvent for the 
polymer particles; and removing at least a portion of the non-solvent liquid. 



Brief Description of the Drawings 
30 [0018] FIG. 1 is a detailed, sectional view of a stationary extrusion nozzle forming 
a microencapsulated drag reducing agent by axisymmetric jet breakup; and 
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[0019] FIG. 2 is a detailed, sectional view of a stationary extrusion nozzle forming 
a microencapsulated drag reducing agent including an intermediate barrier layer, by 
axisymmetric jet breakup. 

[0020] It will be appreciated that the Figures are not to scale and that some fea- 
5 tures may have been exaggerated for clarity. 

Detailed Description of the Invention 
[0021] High concentration drag reducing agent may be encapsulated in an inert 
shell before, during, and/or after polymerization of the monomer in the core reaction 

10 material. Encapsulated drag reducing agent (EDRA) may then be introduced into a 
flowing fluid stream, such as an aqueous solution, a hydrocarbon stream, an emul- 
sion of water and a hydrocarbon, etc. The shell may be removed from the polymer- 
ized core before, during, and/or after the EDRA is placed in the fluid stream. It most 
cases, it will be preferred that the shell is removed just prior to, during and/or after 

1 5 introduction of the EDRA into the fluid. 

[0022] It has further been discovered that microencapsulation is an ideal way of 
delivering nearly any compound into a fluid where the compound may modify a 
characteristic of the fluid, and particularly where it is useful or desirable to keep the 
compound in a particulate, flowable form. For example, it may be desirable to 

20 deliver an acidic component to a remote location, such as the production zone at 
the bottom of an oil well bore without exposing the entire production string to the 
acid. The acid may be microencapsulated in a shell that would melt or dissolve only 
at the temperatures of the production zone and not before. While a primary focus of 
the invention is on microencapsulated DRAs (MDRAs), many of the same consid- 

25 erations apply to larger-sized macroencapsulated DRAs (macroDRAs) that will be 
described in further detail below. 



Microencapsulation 

[0023] Microencapsulation is known technology. However, the use of microencap- 
30 sulation techniques to encapsulate monomers that are to be polymerized into drag 
reducing polymers; monomers being polymerized; and preformed high concentra- 
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tion, precipitated polymers, and the like is unknown. The microencapsulation pro- 
vides a shell around the drag reducing polymer that keeps the polymer from ag- 
glomerating or "cold flowing" together into an intractable mass. Thus, the MDRA 
may be easily handled in dry, particulate form and transported at low cost without 
5 having to ship a solvent, carrier or slurry agent with it. If a solvent or carrier (i.e. a 
delivery medium) is necessary to inject the MDRA into the fluid stream, this can be 
provided locally at low cost. Then, before, during or after introduction of the MDRA 
into the stream, the shell is removed. 

p [0024] Microencapsulation techniques suitable for the MDRAs of this invention 
10 include, but are not necessarily limited to stationary extrusion, centrifugal extrusion, 

O vibrating nozzle, submerged nozzle extrusion, emulsification, emulsification, rotating 

**! .... 

r: disk, interfacial polymerization, complex coacervation, suspension polymerization, 

+ and in situ polymerization. Shown in FIG. 1 is a detailed, cross-sectional view of a 

n i 

7 stationary extrusion nozzle 10 having a central bore 12 for introduction of core 

■as* . 

'r: 15 material 14 and a surrounding annulus 16 for extrusion of the shell material 18. 
S Different phenomena are observed when the materials 14 and 18 are extruded at 

Lfi 

fi different rates, i.e. the mode of compound drop formation changes. At low flow 

rates, drop formation is orderly and regular and the drops are uniform. At higher 
flow rates, compound drops 20 form due to axisymmetric breakup of the jet of com- 
20 bined materials. At still higher flow rates, breakup of the jet occurs via different 
mechanisms and the capsule size distribution is much broader, which is usually 
less desirable. If the nozzle 10 is vibrated during axisymmetric breakup, capsule 
size distribution can be controlled to give capsules having relatively uniform diame- 
ter cores 22 and shells 24. The production rates of the MDRAs 26 is thus maximiz- 
25 ed for a given, relatively narrow size distribution. 

[0025] Microencapsulation of a compound, such as a drag reducing agent (DRA) 
could be performed by first providing a slurry of DRA polymer particles in a liquid 
which is a non-solvent for the polymer particles. Next, a shell material is added to 
the slurry. The shell material could be in particulate form and insoluble in the non- 
30 solvent to the DRA polymer. At elevated temperatures, the particulate shell material 
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could melt into a liquid and coat the DRA particles. For example, if the shell mate- 
rial is hydrophobic as well as insoluble in the non-solvent, then it would coat the 
DRA particles. In one preferred non-limiting embodiment, the shell material could 
also be soluble in the non-solvent for the DRA polymer. In these situations, the 
5 shell material will be coated onto the DRA particles by the precipitation of the shell 
material when the liquid non-solvent is removed. 

[0026] A further non-limiting embodiment of the invention would involve mixing a 
particulate shell material with a non-solvent for the core, which contains solvent in a 
dissolved state or non-solvent in a dispersed state. The non-solvent is subse- 

10 quently evaporated or otherwise separated during the extrusion process, and the 
shell is fused together by interfacial energy forming a wall upon heating. A similar 
embodiment is plausible in combination with the embodiment described in FIG. 2. 
[0027] In one non-limiting embodiment of the invention, the ratio of average di- 
ameter of the shell particles (which could be a different kind of polymer from the 

15 core DRA particles) to core DRA polymer particles is from about 1 .02:1 .0 to about 
2.7:1.0, preferably from about 1.1:1.0 to about 1.26:10. Next, at least a portion of 
the non-solvent liquid is removed; it is preferred that as much as possible of the 
non-solvent liquid is removed, even all of it, al-though some diminishingly small 
amount may remain due to the incomplete ability of conventional removal proc- 

20 esses. Microencapsulation processes to make the MDRA according to this last 
method may include, but are not necessarily limited to rotating disk, interfacial 
polymerization, complex coacervation, suspension polymerization processes and 
the like. 

25 Macroencapsulation 

[0028] Many of the same considerations that apply to microencapsulation apply in 
the case of microencapsulation. As these terms are used herein, a microcapsule is 
one having a diameter of 5000 microns or less, whereas a macrocapsule has a di- 
ameter of greater than 5000 microns (0.5 cm) up to about 15,000 microns (1.5 cm). 

30 [0029] One difference between macrocapsules and microcapsules is that the ten- 
dency of the shell to poison the catalyst used to polymerize the monomer in the 
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core is reduced in the case of macrocapsules, depending of course on the particu- 
lar system. For instance, in the case of a constant shell thickness of approximately 
150 |jm the ratio of inner surface area to volume of the core is relatively much 
greater (by about 148%) for a typical microcapsule (e.g. 3000 |jm in diameter) than 
5 for a macrocapsule {e.g., 7000 pm in diameter), and thus the capability of poisons 
in the shell material to diffuse through the core and poison the catalyst is greater for 
a microcapsule than a macrocapsule. In this comparison, for the same shell, mono- 
mer and catalyst system, monomer conversions of greater than about 60% are 
possible with macrocapsules as compared with 25-30% for microcapsules. Conver- 
1 0 sions of about 60 to about 80% are preferred in one non-limiting embodiment of the 
invention. 

[0030] Although EDRAs the size of macrocapsules are generally too large to be 
conveniently used directly for placement into a flowing liquid since it would take too 
long for the shell and core to dissolve, macrocapsules could still be used directly in 

1 5 some specialized situations. For example the macrocapsules could be injected on 
the suction (low pressure) side of the pumps used to transport fluids through con- 
duits. The shearing action of the pumps could speed up the dissolution of the poly- 
mer cores. Conduits carrying fluids over long distances are especially well suited 
for treatment with macrocapsules, as the slow dissolution over extended distances 

20 ensures sustained drag reduction performance. Along the same lines, the macro- 
capsules could be blended with the microcapsules and injected into the flowing 
fluid. The microcapsules would provide the initial drag reduction and the macrocap- 
sules would provide the sustained drag reduction. In one preferred embodiment, 
the macrocapsules may then be ground to a size appropriate to be directly used in 

25 a flowing liquid. The grinding or particle size reduction may be performed by any 
suitable attrition method including, but not necessarily limited to, pressure grinding, 
cryogenic grinding, attrition mills, rotor/stator homogenizers. In a non-limiting em- 
bodiment, the size of the particulate compounds after grinding may range from 
about 10 to about 2000 microns, preferably from about 100 to about 1000 microns. 

30 [0031] While it is possible that in some embodiments the presence of shell mate- 
rial in the ground product may help prevent cold flow of the core polymers, it is 
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another embodiment of the invention to use an anti-agglomeration agent during 
and/or after grinding to coat the surfaces of the core polymer to reduce or prevent 
cold flow. Suitable anti-agglomeration agents are polyethylene glycols, methoxy- 
lated polyethylene glycols, magnesium stearate, calcium stearate, polyethylene 
waxes, inorganic clays, described below. 

[0032] From a grinding point of view, the macrocapsules are unique in the sense 
that the shell material encapsulating the polymer acts as an anti-agglomeration 
agent. 

Core Material 

[0033] In one embodiment of the invention, the core 22 is a monomer which, when 
polymerized, forms a polymer suitable for use as a drag reducing agent (DRA). 
Such monomers are well known in the art and include, but are not necessarily lim- 
ited to, alpha-olefins, such as 1-hexene, 1-octene, 1-decene, 1-dodecene, 1-tetra- 
decene, and the like; isobutylene; alkyl acrylates; alkylmethacrylates; alkyl styrene; 
and the like. Copolymers of these monomers may also make suitable drag reducing 
agents. Polymers and copolymers from the afore-mentioned monomers are suitable 
hydrocarbon drag reducers. 

[0034] Aqueous drag reducers (for reducing drag of water and aqueous solutions) 
may include, but are not necessarily limited to, copolymers of acrylamide; sodium 
acrylate; sodium 2-acrylamido-2-methyl propane sulfonate; N-isopropyl acrylamide; 
and the like. Of course, the drag reducing polymer must be soluble in the fluid into 
which it is introduced so that it may improve its fluid flow characteristics. For exam- 
ple, a polymer used to improve the fluid flow of a hydrocarbon, such as crude oil, 
could be a polyalpha-olefin. Polyalpha-olefins would not be suitable as a DRA for 
an aqueous fluid. 

[0035] Polyalpha-olefins, which in one embodiment are preferred herein, are 
polymerized from the monomers or comonomers by conventional techniques and 
will have molecular weights above 10 million. Polyalpha-olefins particularly suitable 
for the processes and compositions of this invention include the FLO® family of 
PAO DRAs, including FLO® 1004, FLO® 1005, FLO® 1008, FLO® 1010, FLO® 
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1012, FLO® 1020 and FLO® 1022 DRAs sold by Baker Pipeline Products, a divi- 
sion of Baker Petrolite Corporation. These DRAs are used for hydrocarbon 
streams. 

[0036] A particular advantage of the microencapsulation technique of this inven- 
5 tion is that the polymerization may be conducted entirely within the microcapsule (or 
macrocapsule) small scale bulk polymerization conditions in the absence of a sol- 
vent, or in the presence of only a very small amount of solvent. Conventionally, 
production of the very high molecular weight polymers useful as DRAs necessarily 
is done at high dilutions in a suitable solvent. Removal of large amounts of solvent 
10 thus becomes an issue, since transportation of large amounts of ineffective solvent 
to the site of drag reduction is an unnecessary expense. However, in the microen- 
capsulation process, very little or no solvent is required, and the polymerization 
reaction may be conducted within the microcapsule (or macrocapsule) by conven- 
tional techniques. Very high molecular weight DRAs may be produced, for example 
1 5 on the order of 1 0 million weight average molecular weight or more. 

[0037] For example, the polymerization of certain monomers may be conducted 
by the inclusion of a catalyst immediately prior to extrusion through nozzle 10, in a 
N non-limiting example. In the case of alpha-olefins, polymerization may be conducted 

by the inclusion of a mixture of Ziegler-Natta catalyst and co-catalyst(s) into the 
20 monomer just prior to droplet or capsule formation. All components (monomer, 

catalyst, and co-catalyst(s)) required for the monomer to convert to polymer can be 
brought together in three different ways. These three ways are outlined below in 
non-limiting examples. 

[0038] • A dispersion of powder catalyst T1CI3AA (Aluminum activated Titanium 
25 Trichloride), whose approximate size range is about 6 to about 1 50 

microns, in a carrier solvent like mineral oil or kerosene is prepared. This is 
followed by the addition of the required amount of co-catalyst(s), diethyl- 
aluminum chloride and diethylaluminum ethoxide to the above catalyst dis- 
persion. The monomer is stored in a separate vessel and is mixed with the 
30 co-catalyst(s) containing catalyst dispersion just prior to encapsulation. The 

advantage of this method is that the catalyst is already activated by the 

10 
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presence of the co-catalyst(s) and the initial reaction rates are fast. One 
disadvantage of this method is that the mineral oil or kerosene dilutes the 
monomer content of the capsule core and thus lowers the polymer yield for 
a given %con version. For example the monomer content of the core is 
5 typically about 94-95 wt% when using this catalyst system. Other disad- 

vantages include the fact that the catalyst (TiCI;jAA) is in the form of a solid 
powder and tends to settle out in the absence of mixing and can plug up 
the encapsulating nozzle if the core orifice is of sufficiently small diameter. 
[0039] • In still another non-limiting embodiment of the invention, the catalyst sys- 

10 tern can use a pre-polymerized catalyst .To overcome any nozzle plugging 

and settling problems associated with the powder catalyst (T1CI3AA) one 
can use a pre-polymerized catalyst dispersion. A catalyst dispersion similar 
to the one above would be prepared except that about 1wt% of monomer 
(an a-olefin) is added to the mixture. The monomer reacts with the catalyst 

15 and forms a fine active catalyst species, which remains suspended for a 

long time. Also the pre-polymerized catalyst poses a much lower risk of 
plugging up the nozzle core orifice. The pre-polymerized catalyst can be 
prepared by either decanting off the fine supernatant or by using the entire 
pre-polymerized mixture as is. The monomer is kept stored in a separate 

20 vessel. Just before encapsulation, the monomer stream and the pre-polym- 

erized catalyst dispersion are mixed. One disadvantage of this method is 
the presence of mineral oil or kerosene, which dilute the monomer content 
of the capsule core. Again the monomer content of the core is typically 
about 94-95 wt% when using this catalyst system 

25 [0040] • In another non-limiting embodiment of the invention, the catalyst used 
may be a two-part catalyst system, where the main catalyst that initiates 
polymerization of the monomer, is kept separate from the co-catalyst, and 
cannot function without the addition of a co-catalyst. To maximize the 
amount of monomer in the core the following method is prescribed for 

30 bringing all the reaction components together and may be preferred if high 

polymer yields are important to drive product costs down. The basis for this 
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idea is to use the monomer itself as a carrier and eliminate the mineral oil 
or kerosene. Keeping the catalyst (TiClsAA) and co-catalyst(s) separate 
until just before the encapsulation prevents any premature reaction. The 
required amount of catalyst (TiCbAA) is dispersed in monomer (a-olefin) or 
monomer mixtures and stored in a vessel. In a separate vessel the requir- 
ed amounts of co-catalyst(s) are mixed with the monomer or monomer 
mixtures. The two streams will be mixed just before encapsulation to bring 
all the reactive components together. It is estimated that the monomer 
content of the core will be about 99.2 wt% if this method is used compared 
to the 94-95 wt% from the previous methods. Disadvantages of this 
method include the potential for catalyst to settle out, plugging of the 
encapsulating nozzle orifice by the catalyst particulates, and slower initial 
reaction rate due to the lag time for catalyst activation. 
[0041] Metallocenes are useful catalysts for polymerizing some monomers. Care 
must be taken to avoid poisons for particular catalysts or polymerizations. For 
example, if Ziegler-Natta catalysts are used to polymerize a-olefins, the presence of 
oxygen and water (moisture) must be avoided, since they poison these catalysts. 
Certain monomers may be polymerized by the use of UV radiation to initiate reac- 
tion. In such a system, the shell 24 would have to be transparent to the frequency 
of the radiation necessary to initiate polymerization of the monomer in the core 22. 
[0042] Suitable candidates for the main catalyst include, but are not necessarily 
limited to, aluminum activated titanium trichloride (TiCI;>AA). Suitable candidates for 
the co-catalyst include, but are not necessarily limited to, diethylaluminum chloride 
(DEAC), diethylaluminum ethoxide (DEALE). Of course, it will be necessary to 
match the co-catalyst with the main catalyst, so that the catalytic activity of the main 
catalyst is triggered only by the presence of a particular co-catalyst or class thereof. 
[0043] Certain core polymerization systems may need to be kept in a temperature 
controlled environment to complete the polymerization. For example, in an exo- 
thermic polymerization, it may be necessary to keep the microcapsules cooled 
below a certain temperature to complete the polymerization and formation of the 
core 22 prior to warming and use. 

12 
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[0044] Further, it is possible to encapsulate already polymerized monomer, 
although in most cases, it is expected that this technique will only give a dilute 
product. For example, core material 14 extruded through nozzle 10 could be a liquid 
material that is ready for use as a DRA, such as a suspension or a slurry of DRA 
5 polymer in a carrier, such as a liquid, non-solvent. Slurry concentrates having low 
viscosity and a high concentration of DRAs are described as being made through a 
carefully controlled precipitation process in U.S. Pat. No. 5,733,953, incorporated 
by reference herein. In one embodiment of the precipitation process, a high mo- 
lecular weight polyalpha-olefin (PAO) is polymerized from the monomer or mono- 

1 0 mers in a solvent for a-olefin monomers. A suitable non-solvent for the polymers is 
slowly added to the neat drag reducer, which is simply the PAO in the solvent in 
which the polymerization occurs. The non-solvent must be added at a rate that will 
allow the drag reducer mixture to absorb the non-solvent. This rate depends on the 
amount of agitation in the mixing system used. If the rate of non-solvent addition is 

15 too high, it will make a precipitate that is not uniform in size with particles too large 
in size for use as a DRA in slurry form, and will contain undesirably high amounts of 
solvent. During the addition, the neat drag reducer will go through a viscosity re- 
duction until the PAO precipitates. At this point, the mixture becomes a slurry con- 
centrate of precipitated polymer particles. The weight ratio of liquid, non-solvent to 

20 solvent at this point may range from about 70/30 to 30/70, where, in one non-limit- 
ing, preferred embodiment, the ratio is about 50/50. 

[0045] In some cases, the slurry concentrate will cold flow if not agitated. To 
reduce or prevent the cold flow, it will be necessary to remove most of the solvent. 
Also, the addition of blocking agents such as metal stearates and finely ground 

25 inorganic clays can help in preventing cold flow. Solvent removal can be accom- 
plished by evaporating the solvent by heating or applying a vacuum or a combina- 
tion of both. Another method would be to remove at least 50% of the solvent/liquid, 
non-solvent mixture and replace it with additional non-solvent. This lowers the 
amount of solvent in the precipitated polymer. The mixture of solvent and liquid, 

30 non-solvent would again be removed and replaced with fresh non-solvent, to further 
reduce the amount of solvent in the system. This process could be repeated until 
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the desired level of residual solvent in the system was reached. By either tech- 
nique, the DRA polymer could be easily concentrated to at least 15 wt%. The slurry 
may now be encapsulated according to this invention. In one embodiment of the 
precipitation process, additional solvent may be removed from the slurry concen- 
5 trate by evaporating, such as through vacuum drying, or other conventional tech- 
niques such as drying, prior to microencapsulation. 

[0046] It will be appreciated that the above-described preparation is analogous to 
a two-step extraction. However, since precipitation is also occurring in the first step, 
the rate of addition of the liquid, non-solvent must be carefully controlled. In one 

1 0 embodiment, the liquid, non-solvent is added to a point where the polymer precipi- 
tates into polymer particles of average diameter equal or less than 0.10" (0.25 cm). 
For the MDRA invention herein, the core material 14 may contain from about 0.5 to 
about 50 wt% DRA polymer, preferably between 0.5 to about 35 wt.%, where over 
half of the remainder would be liquid, non-solvent for the monomer to make the 

1 5 DRA polymer. Some very small amount of solvent for the monomer may be pre- 
sent; it is desirable to remove as much of the solvent as possible prior to encapsu- 
lation. 

Shell Material 

20 [0047] The shell material 18 must meet a variety of parameters. It must be inert 
with respect to the core material 14, for example, the liquid or semi-liquid core ma- 
terial 14 (e.g., in monomer form) or semi-liquid or solid core 22 (e.g., in polymerized 
form) and the liquid or semi-liquid shell material 18 (e.g. in monomer form) or solid 
shell 24 (e.g., in polymerized form) should preferably not be soluble with each 

25 other, respectively. Unformed or semi-formed shell material 18 or formed shell 24 
must not substantially interfere with the polymerization occurring in the core 22, if 
the polymerization is not yet complete. It is possible that the shell material may 
interfere with the polymerization, but does so at a rate which is sufficiently slow as 
to be acceptable, i.e. much slower than the rate of polymerization. Further, the shell 

30 24 must be able to be removed at the correct time so that the core material can 
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perform as a DRA on the flowing fluid. If the shell 18 is itself a polymer, which is 
acceptable within the scope of this invention, then the requirements of the polym- 
erization of the shell material 18 must be balanced with the requirements of the rest 
of the MORA system. 

5 [0048] In the case of a-olefins for core material 14, suitable shell materials may 
include, but are not necessarily limited to, polybutylene, polymethacrylates, waxes, 
polyethylene glycol (PEG), methoxylated PEG, polyethylene oxide (PEO), polyeth- 
ylene waxes, and stearic acid. In one non-limiting embodiment of the invention, the 
r , shell material includes ionomeric waxes, including, but not necessarily limited to, 

*f 10 PEG (e.g. CARBOWAX available from Union Carbide Corporation, Danbury, Con- 
Q necticut), polypropylene glycol (PPG), alkoxy terminated PEG (e.g. methoxylated 

H PEG or mPEG), PEO, and polypropylene oxide (PPO). The invention can be 

I' extended to PEG/PPG, PEG/PEO, and mPEG/PEG blends of different molecular 

weights. Polymerization of these polymer shells is well known in the art. Shell mate- 
p 1 5 rials for polyalpha-olefins (PAOs) must avoid the inclusion of molecular oxygen, O2, 
Q but also the presence of oxygen in the form of hydroxyl groups, -OH. Further, it is 

p! possible that the presence of carbonyl groups in the shell 24 may also poison the 

^ catalyst. It is also possible that a small number of -OH or carbonyl groups in the 

shell can be tolerated. 
20 [0049] Additionally, the shell 24 must be a material that will not adversely affect 
the ultimate use of the fluid flowing in the conduit. For example, if the conduit is car- 
rying a hydrocarbon stream that will ultimately be used for gasoline, the particulate 
or soluble remnants from the shell 24 must not adversely affect carburetor, engine, 
or other performance. 

25 [0050] In another embodiment of the invention, the shell materials are purified, i.e. 
the water is removed, by vacuum stripping and/or molecular sieve treatments. 
Water generally has a high diffusion rate, and the removal of water from the shell 
aids the polymerization of the core material. Although the invention is not limited by 
particular numbers or values, a reduction of 0.5% water to 0.05% water in the shell 

30 material can be accomplished in the laboratory. The shell 24 may be removed in a 
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variety of ways, including, but not necessarily limited to, dissolution in the liquid 
stream, mechanical breakdown (e.g. shear), melting, photochemical breakdown, 
microwave heating, biodegradation, leaching, and combinations thereof. It would be 
unusual, for both the shell 24 and the core 22 to be soluble in the flowing liquid 

5 stream, since it would then be very likely that shell 24 and core 22 would be mutu- 
ally soluble, which would be undesirable. However, it might be possible for both the 
shell 24 and the core 22 to be soluble in the flowing liquid stream if shell 24 was 
readily soluble in the liquid stream, and shell 24 relatively insoluble in core 22. 
[0051] Another possibility is that shell material 18 might form a skin upon expo- 

10 sure to a liquid non-solvent to the shell material 18, air or other gas, where the shell 
would remain relatively intact during shipping of the EDRA, but which skin would 
not be soluble in the core 22 or a possible mixture of shell material 18 with core 22. 
Such a skin would be the actual shell 24, which would have to be removed through 
a mechanism such as those already described. When there exists a density differ- 

15 ence between the shell material 18 and the core 22, the core tends to escape from 
the molten macrocapsule. Any mechanism to rapidly solidify the molten shell mate- 
rial 18 would help form a stable macrocapsule. In another embodiment of the inven- 
tion, it is desirable to form a skin on the outside of the capsule as fast as possible 
to facilitate entrapment of the core material. In some trials pin holes form in the 

20 shell which permit invasion of the core material by undesirable compounds, such as 
those that poison the catalyst or could potentially dilute the core. Rapid skin forma- 
tion is facilitated by compounds that have a high degree of crystallinity and possess 
a sharp melting point. For instance, shell formation with POLYOX WSR N10 (high 
molecular weight polyethylene oxide available from Union Carbide) forms a skin 

25 very fast on the exterior of the capsule. In one non-limiting embodiment of the 

invention, the polyethylene oxide is considered to have high molecular weight if the 
molecular weight is 100,000 weight average or higher. In another non-limiting em- 
bodiment of the invention, about 3 wt% of the shell material was POLYOX WSR N- 
10. When a shell material without the POLYOX WSR N-10 was used, only a very 

30 small percentage of the macrocapsules were formed intact. The majority of the 

16 
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macrocapsules showed ruptured shell as the core had escaped out, In contrast the 
POLYOX WSR N-10 containing shell material produced macrocapsules, the major- 
ity of which were intact and did not show any core leakage. The skin formed by the 
POLYOX WSR N-10 is essentially impervious, particularly to materials that would 
have a dilute effect on the core. In one non-limiting embodiment of the invention, 
the skin is formed over the outer surface of the shell in combination with polyethyl- 
ene glycols or alkoxypolyethylene derivatives. 

[0052] An example of mechanical breakdown would be ultrasonic vibration of the 
EDRAs just prior to, during or after insertion into the liquid stream. Another example 
would be shear caused by pumping the EDRA into the liquid stream and/or pump- 
ing the EDRA and the liquid stream through a conduit. Melting would involve an in- 
crease in temperature to remove the shell, for example, if the shell 24 was made of 
a natural or synthetic wax. Photochemical breakdown would include the use of 
radiation, such as UV, to deteriorate for example, a polymer shell 24, made of poly- 
methyl methacrylate, polyisobutylene, or poly(a-methylstyrene). Biodegradation 
would include the use of a biological agent (e.g. bacteria, enzyme, etc.) to remove 
the shell. 

[0053] In one embodiment of the invention for microencapsulation, the outside 
diameter of the MDRA (outside diameter of shell 24) is about 5000 microns or less, 
preferably about 1000 microns or less, and in another embodiment about 500 
microns or less. The core 22 has an outside diameter of about 2500 microns or 
less, preferably about 500 microns or less, and most preferably about 250 microns 
or less. In a different embodiment of the invention, the outside diameter may range 
from about 10 to about 150 pm. Twenty microns, in one embodiment, is a lower 
limit of the outside diameter. This means that the thickness of shell 24 may range 
from about 1250 microns or less, preferably about 250 microns or less, and most 
preferably about 62.5 microns or less. It will be appreciated that these dimensions 
can vary greatly over a wide range depending on a number of complex factors 
including, but not limited to, the nature of the shell 24, core 22, and the flowing liq- 
uid; the rates of removal of shell 24 and rate of dissolution of core 22 into the flow- 
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ing liquid; the flow rate of the liquid; the anticipated shelf life of the MDRA, etc. It is 
thus very difficult to give precise dimensional limits on the MDRA physical parame- 
ters. 

[0054] As noted, for macroencapsulation, the outside dimensions are above this 
5 range, on the order of greater than 5000 to about 1 5,000 microns in diameter (up to 
about 0.5 inch). 

Optional Barrier Layer 

[0055] In one non-limiting embodiment of the invention, the particulate, encapsu- 

1 0 lated compound has an optional barrier layer between the monomer/polymer core 
and the shell. Such a barrier layer may be selected from the group including, but 
not necessarily limited to, polybutylene, polymethacrylates, waxes, polyethylene 
glycol (PEG), polypropylene glycol (PPG), alkoxyl terminated PEG, polyethylene 
oxide (PEO), polypropylene oxide (PPO), stearic acid, polyethylene waxes, and 

15 mixtures thereof. As noted, in one embodiment, the shell material is selected from 
the group including, but not necessarily limited to, polybutylene, polymethacrylates, 
waxes, polyethylene glycol (PEG), polypropylene glycol (PPG), alkoxyl terminated 
PEG, polyethylene oxide (PEO), polypropylene oxide (PPO), stearic acid, polyeth- 
ylene waxes, and mixtures thereof. The barrier layer and the shell material should 

20 not be the same. In some catalyst systems, such as the T1CI3AA with diethylalumi- 
num chloride and diethylaluminum ethoxide, a PEG shell poisons the reaction to 
various extents, depending upon the capsule size. Paraffin waxes and polyethylene 
waxes made by Baker Petrolite under the trade name POLYWAX are hydrocarbon 
waxes and are inert to the catalysts; however, such materials will dissolve in the 

25 core (monomer and/or polymer) when the wax is in the liquid state. 

[0056] In one non-limiting embodiment, there is another nozzle between the core 
and shell layers, which will introduce the intermediate paraffin wax stream. The 
paraffin wax will minimize the contact between the core and shell (e.g. PEG) layers, 
reduce poisoning, and allow the reaction to progress to high conversions in these 

30 systems. While there would be expected to be some dissolving of the barrier layer 
in the core in some systems, the process would have to be designed so that at 

18 
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least some portion of the barrier wax transforms to a solid interface layer between 
the core and the PEG shell and prevents poisoning. This barrier layer technique 
could potentially expand the list of suitable and available shell materials. In one 
embodiment, paraffin wax in the barrier layer will minimize contact between the 
core and shell (e.g. PEG) layers and reduce poisoning, thus allowing the polymeri- 
zation reaction to progress to high conversion. In another embodiment, a blend of 
paraffin wax and Polywax from Baker Petrolite is used as the barrier layer. Blending 
of the two waxes will allow for tailoring of the wax melt point to suit the selected 
core and shell materials for the macroencapsulation process. 
[0057] In one non-limiting embodiment of how a barrier layer might be applied, 
attention is directed to FIG. 2 herein (similar to FIG. 1), which is a detailed, cross- 
sectional view of a nozzle 30 having a central bore 32 for introduction of core mate- 
rial 34 and a surrounding annulus 50 for extrusion of the barrier layer material 52. 
Outside annulus 36 extrudes shell material 38. The different phenomena that are 
observed when the materials are extruded at different rates as discussed above 
with respect to FIG. 1, i.e. the mode of compound drop 40 formation changing with 
the flow rate, also apply here. Also, if the nozzle 30 is vibrated during axisymmetric 
breakup, capsule size distribution can be controlled to give capsules having rela- 
tively uniform diameter cores 42, barrier layers 54, and shells 44. The production 
rates of the EDRAs 46 is thus maximized for a given, relatively narrow size distribu- 
tion. 

[0058] Within the parameters of this invention, the thickness of the barrier layer is 
expected to range between about 5 to about 250 microns, preferably from about 10 
to about 150 microns. 

Optional Anti-agglomeration Agents 

[0059] It is expected that most, if not all, MDRAs prepared according to the proc- 
ess of this invention will not require the addition of an optional anti-agglomeration 
agent to reduce or prevent the tendency of the MDRA to cold flow after formation. 
Indeed, the use of a shell 24 or microcapsule is to avoid this problem. The absence 
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of an anti-agglomeration agent is a significant advantage. Nevertheless, in other 
cases it may be desirable to add an anti-agglomeration agent during or after forma- 
tion of shell 24. 

[0060] In one embodiment, the weight of the anti-agglomeration agent added to 
5 the MDRA 26 is approximately equal to or less than the weight of the MDRA 26 
itself. In another embodiment, it is preferred that the amount of anti-agglomeration 
agent range from about 75% to about 25% of the MDRA 26. Suitable anti-agglom- 
eration agents include, but are not limited to, salts of fatty acids having 12-20 car- 
bon atoms, specifically alkali earth metal salts of such acids, which may include, but 
10 are not limited to, magnesium stearate and calcium stearate; as well as polyethyl- 
ene glycols, methoxylated polyethylene glycols, polyethylene waxes (Polywax), 
C| stearamide, ethylene-bis-stearamide, inorganic clays such as attapulgite and sili- 

=£• cones. 



15 Blends 

[0061] It will be appreciated that blends of various particulate compounds of this 
invention with other active compounds in other forms would be useful, particularly 
when a certain effect is desired to be achieved over a period of time. For instance 
in the case of drag reduction, the EDRAs of the present invention could be com- 

20 bined with the slurry DRAs of U.S. Pat. No. 5,733,953, incorporated by reference 
herein. The slurry DRA would be expected to more immediately affect the drag 
reduction of the fluid into which the blend was introduced, whereas the EDRA 
would affect the drag reduction more slowly, but after the effect of the DRA slurry is 
largely spent, if the blend system is designed properly. Thus, through a blend of 

25 drag reducer delivery mechanisms (even if the polymeric drag reducer used in both 
was essentially the same), the drag reduction effect could be maintained over a 
longer period of time. The inclusion of EDRA with slurry DRA would ensure the 
presence of active polymer after the treated fluid passes through shear points in a 
pipeline such as a booster pump, or elbows in the line. When the polymer is not 

30 fully dissolved it is less susceptible to shear degradation. Shear degradation ren- 



■ssr 
5 PI 



20 



21 

ders the polymer ineffective as the molecular weight decreases when the polymer is 
degraded. 

[0062] In another embodiment of the invention, different sized capsules and/or 
capsules with different shell thicknesses could deliver chemicals over a period of 
5 time, or only at a certain time, within the method of this invention. In this way, the 
effective chemical would be delivered at times designed by the blends of size distri- 
bution and/or shell thickness distribution. Various other characteristics could be 
modified in a blend of materials for affecting a fluid characteristic, such as the 
mechanism for shell removal. That is, to pick drag reduction again as a non-limiting 

10 desirable effect, the mechanism for removing the shell from certain capsules may 
be more immediate than the mechanism that might be effective for removing the 
shells on certain other, differently encapsulated DRAs. In the specific case of 
DRAs, the length of the pipeline along which drag reduction is desired will also be a 
factor in designing a particular DRA blend. For instance, longer pipelines or pipeline 

15 with more shear points such as elbows will have a greater need for delayed action 
DRAs. 

Delivery Media 

[0063] The EDRAs of the present invention may be placed in a delivery medium 
20 prior to introduction into the liquid stream or flowing fluid to affect its friction or drag 
properties. The shell of the DRA may be soluble in the delivery media so that the 
shell dissolves at a rate suitable to deliver the core containing the DRA polymer into 
the liquid stream. Dissolution of the shell and/or the core can be enhanced by ther- 
mal gradients (heating) in the delivery medium. In turn, the core is soluble in the liq- 
25 uid stream or flowing fluid. 

[0064] Thus, for example in a system where an EDRA shell is inert to hydrocar- 
bons, but soluble in water, the delivery medium may be water or an aqueous solu- 
tion, for delivering the EDRA and its polymer to a hydrocarbon fluid flowing in a 
pipeline. 



21 



22 



Use of EDRAs in Flowing Fluid 

[0065] It will be appreciated that the amount of EDRA added to any particular 
hydrocarbon, aqueous solution, or emulsion will vary greatly depending on a num- 
ber of factors and cannot be specified in advance or in general. For example, some 
5 of the parameters affecting the proportion of EDRA to be added include, but are not 
limited to, the chemical nature of the fluid being transported, the temperature of the 
fluid being transported, the viscosity characteristics of the fluid, the ambient tem- 
perature of the pipeline environment, the nature of the EDRA itself (both shell and 
core), etc. However, in some cases, the amount of EDRA injected into the flowing 
J 1 0 hydrocarbon stream will range from about 3 to about 1 00 ppm, or higher; preferably 
J; from about 3 to about 50 ppm, measured as ppm of active polymer in the EDRA 

G introduced into the fluid. 

W 



[0066] The invention will be demonstrated further with reference to the following 
15 Examples that are meant only to additionally illustrate the invention and not limit it. 



m EXAMPLE 1 

P [0067] In this Example, a vibrating nozzle technique would be used. The nozzle 

center bore 12 would have a diameter of 125 pm, where the annulus 16 would have 

20 an inner diameter of 130 pm and an outer diameter of 250 pm. The nozzle 10 would 
vibrate back and forth at a frequency of about 700 Hz to about 1000 Hz. 
[0068] The core material 14 would be a mixture of alpha-olefins to give a copoly- 
mer of polyalpha-olefins as the core 22, A Ziegler-Natta catalyst, in combination 
with suitable activators, would be added to the core material 14 just prior to its ex- 

25 trusion into the nozzle 10. The Ziegler-Natta catalyst to be used would be TiCI 3 .AA 
that is available as a powder from Akzo Chemical Inc., Chicago, Illinois. Diethylalu- 
minum chloride (DEAC) and diethylaluminum ethoxide (DEALE) would serve as the 
preferred activators and are available in the hydrocarbon soluble liquid form from 
Akzo Chemical. The Ziegler-Natta catalyst would be slurried in a hydrocarbon sol- 

30 vent like kerosene, along with the activators that are soluble in kerosene. Because 



22 



23 



the catalyst would be poisoned by the presence of oxygen, the nozzle 10 would be 
housed in a nitrogen environment. The shell material 18 would be polyethylene gly- 
col 1450 (PEG 1450, available from Union Carbide Chemicals & Plastics Co., Inc., 
Danbury, Connecticut. PEG 1450, upon heating to 50°C, may be flowed through 

5 annulus 16 of nozzle 10. 

[0069] The expected flow rate of the core material 14, a mixture of alpha-olefins, 
would be about 3.17 kg/h and the shell material 18, PEG 1450 flow rate would be 
about 1.36 kg/h. The shell 24 would form relatively rapidly upon cooling in a chilled 
isopar bath that would be kept at about -20°C. This would permit the alpha-olefins 

10 to bulk polymerize on a small scale within the shell 24. The MDRAs 26 would be 
kept in a cooled environment (from about -20°C to about 0°C) for about 24 to 72 
hours to ensure that high conversions, from monomer to polymer, are achieved. At 
this stage, the core 22 would be essentially greater than 95% polymer. 
[0070] The expected diameter of the final polymer core 22 would be about 400 

1 5 urn, whereas the expected outer diameter of the shell 24 would be about 500 urn, 
giving a shell thickness of about 50 urn. The production rate would be about 4.53 
kg/h of MDRA having a payload of about 70% active polymer. The above men- 
tioned production rate would be expected when one nozzle is used, and the rate 
could be easily increased by simply expanding the number of nozzles. 

20 [0071] The completed MDRA particles would not cold flow together, and may be 
easily handled and transported. The particular MDRA of this Example would be 
suitable for inclusion in a flowing hydrocarbon stream, such as a crude oil in a pipe- 
line. The MDRA particles would be shipped to pipeline injection sites in bags or 
super sacks. Locally available water would be used to prepare a slurry of MDRA 

25 particles in an agitated container, before injection into the crude oil pipeline. No 
special injection equipment would be expected to be necessary with such a slurry, 
or any of the MDRAs of this invention. It is expected that the MDRA PEG 1450 
shell would rapidly dissolve in water and release the active polymer core (which is 
the drag reducing polymer for crude oil). When this slurry would be injected into the 

30 oil pipeline, the active polymer would be rapidly distributed through the entire cross 
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section shortly after the injection point in the pipeline. The dispersed DRA particles 
would then dissolve in the crude oil and effect drag reduction. 

EXAMPLE 2 

5 [0072] This Example would illustrate the microencapsulation of preformed polymer 
DRA present in a slurry made by a controlled precipitation process. This portion of 
the Example is similar to that of Example 12 of U.S. Pat. No. 5,733,953, incorpo- 
rated by reference herein. 

[0073] The precipitation portion of the inventive process would be carried out in a 
'% 10 Ross double planetary mixer. One hundred parts by weight of a 10% solution of 
%S FLO 1012 in isopentane would be charged to the mixer. In a separate vessel, 2 

p parts of magnesium stearate would be slurried in 100 parts of isopropyl alcohol. 

*% The magnesium stearate/alcohol slurry would be added in slowly to the copolymer 

rij solution with agitation over a two hour period. This procedure would produce a 

j*i 15 finely divided polyolefin precipitate that would be essentially a dispersion of very 

fine polymer DRA particles (100 pm to 150 pm) in isopropyl alcohol and isopentane. 
J After precipitation, the concentration of polymer in the slurry would be about 5 wt.%. 

p The isopentane, which would be the polymerization solvent, would be removed by 

simply heating the slurry, under agitation, slowly to 80°C. It might be advantageous 
20 to apply a vacuum to speed up the process. Now, the concentration of polymer in 
the slurry would be about 9 wt.%. At this stage 19 parts of water would be added to 
100 parts of slurry. The polymer slurry could be further concentrated by continuing 
the application of heat and vacuum to remove the isopropyl alcohol. It is desirable 
to get the polymer content up as high as possible while still maintaining a fluid/flow- 
25 able slurry. 

[0074] When most of the isopropanol had been removed, the polymer content 
would be about 30 wt.%. At this stage, 10 parts of polyethylene wax would be 
added to 100 parts of the 30 wt.% polymer slurry in water. The polyethylene wax 
will melt at temperatures close to 80°C and will exist as liquid droplets in water. In 
30 the presence of DRA polymer particles, the polyethylene wax will coat the DRA 
particles because of their common hydrophobicity towards water. In essence, a liq- 
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uid coating or shell of polyethylene wax will form around the DRA polymer particles. 
This slurry would then be spray-dried to remove the water and the resulting product 
would be a dry powder, which is essentially DRA polymer particles encapsulated in 
polyethylene wax. The concentration of DRA polymer in the final product would be 
5 about 70 wt.%. 

[0075] The MORA particles would be shipped to pipeline injection sites in bags or 
super sacks, where it can be easily slurried in the locally available water, in an agi- 
tated container. A small heated zone will melt the polyethylene wax coating and 
release the DRA particle just prior to injection into the flowing crude oil stream. The 

J 1 0 DRA particles would disperse rapidly and dissolve in the crude oil, and thus drag 

^ reduce the crude oil. 



EXAMPLE 3 

[0076] This example would illustrate the microencapsulation of preformed polymer 
15 DRA present in a slurry made by a controlled precipitation process. This portion of 
the example is from Example 12 of U.S. Pat. No. 5,733,953, incorporated by refer- 
ence herein. 

[0077] The precipitation portion of the inventive process was carried out in a Ross 
double planetary mixer. One hundred parts by weight of a 10% solution of FLO 

20 1020 in Isopentane was charged to the mixer. In a separate vessel, 2 parts of mag- 
nesium stearate was slurried in 100 parts of isopropyl alcohol. The magnesium 
stearate / alcohol slurry was added in slowly to the copolymer solution with agitation 
over a two hour period. This procedure produced a finely divided polyolefin pre- 
cipitate that is essentially a dispersion of very fine polymer DRA particles (100 pm - 

25 150 |jm) in isopropyl alcohol and isopentane. After precipitation, the concentration 
of polymer in the slurry is about 5 wt%. The isopentane which is the polymerization 
solvent can be removed by simply heating the slurry, under agitation, slowly to 
80°C. It might be advantageous to apply a vacuum to speed up the process. Now, 
the concentration of polymer in the slurry is about 9 wt%. When the slurry is still at 

30 80°C, polyethylene glycol (PEG 8000) flakes are added. The PEG 8000 is soluble 
in the hot isopropyl alcohol. The slurry at 80°C is then processed over a rotating 
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disk, where the isopropyl alcohol is flashed off, and the PEG 8000 coming out of 
solution coats and encapsulates the DRA particles. The encapsulated DRA parti- 
cles form a free flowing powdery product. 

[0078] The product would be shipped to injection sites in bags or super sacks, 
5 where it can easily be slurried in locally available water, in an agitated container. 
The PEG 8000 shell will dissolve in the water and release the DRA particle. Heat 
could be applied if desired to speed up the dissolution of the PEG 8000 shell. The 
aqueous slurry can then be injected into the flowing crude oil stream. The DRA par- 
ticles will disperse rapidly and dissolve in the crude oil, and thus drag reduce. 

10 

EXAMPLE 4 

[0079] In this Example 4, a stationary nozzle technique was used. The nozzle had 
an inner nozzle ID of 0.06" (about 1524 urn) and an outer nozzle ID of 0.12" (about 
3048 urn). The core material 14 was 1-Decene mixed together, in the weight ratio 
1 5 1 4.46: 1 .0 with catalyst formulation of Table 1 . The catalyst formulation (slurry) was 
mixed with the 1-Decene to make the core material 14 just prior to its extrusion into 
the nozzle 10. The encapsulation was run with the shell at 3.4 g/min and core at 17 
g/min to give a core payload of about 83.3 wt%. The core contained 94 wt% 1- 
Decene. 



Table 1 


Component 


Weight % 


TiCI 3 .AA 


1.37 


DEAC 


1.77 


DEALE 


0.64 


Heptane 


13.70 


Mineral Oil 


82.52 


Total 


100.00 



26 



27 



[0080] The shell material 18 was a molten mixture of 67 wt% polyethylene glycol 
1000, 30 wt% polyethylene glycol 8000 and 3 wt% POLYOX WSR N-10 (available 
from Union Carbide Chemicals & Plastics Co., Inc., Danbury, Connecticut). The 
above, upon heating to a temperature of about 150°F (about 65°C), was flowed 
through annulus 16 of nozzle 10. 

[0081] The shell 24 formed rapidly upon cooling in a chilled ISOPAR-L bath that 
was kept between -20 and +32°F (approximately -29 to 0°C). ISOPAR-L is a syn- 
thetically produced isoparaffinic solvent sold by ExxonMobil Chemical Co. The cap- 
sules were stored in the cold ISOPAR-L collection vessel for a 24 hour time period 
to allow for sufficient polymerization of the monomer in the core of the capsules. 
This permitted the 1-Decene to bulk polymerize on a small scale within the shell 24. 

[0082] Successful microcapsules were prepared in the size ranging between 750 
and 6000 fjm, and having an approximate payload of 83.3 wt%. 

[0083] After 24 hours of reaction, the completed EDRA particles were recovered 
by pouring the capsules and the cold ISOPAR-L over a strainer and collecting the 
EDRA particles. The completed EDRA particles did not cold flow together, and 
were easily handled and transported. EDRA particles, which had the best catalyst 
color, were inspected and selected for quality analysis. It was determined that the 
best conversion of 1-Decene to poly-1-Decene was about 81% and the best inher- 
ent drag reduction quality of the poly-1-Decene as measured in a %-inch line labo- 
ratory setup was 57% at a polymer concentration of 0.25 PPM. The particular 
EDRA of this Example would be suitable for inclusion in a flowing hydrocarbon 
stream, such as a crude oil in a pipeline. 



EXAMPLE 5 

[0084] This example uses the same shell formulation as in Example 4 but em- 
ploys a pre-polymerized catalyst dispersion, which is prepared in the following 
manner. 4.0 g of TiCIaAA was weighed into a 250 ml round bottom flask, followed 
by the addition of 10 ml of a 1 1 wt% DEAC solution in heptane which also con- 
tained 4 wt% DEALE. While stirring the resulting dispersion, 80 g of kerosene was 
added. The mixture was then treated with 1 .2 ml of 1-Decene to initiate the forma- 
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tion of pre-polymerized catalyst and stirring was continued for a 24 hour period at 
about 70°F (21 °C). Then the stirring was stopped and the supernatant was recov- 
ered after allowing the solution to decant for 2 hours. The supernatant contained 
the fine catalyst species, which resulted from the polymerization of the small 
amount of 1-Decene and this, was used as the catalyst for the macroencapsulation. 
It was determined that the supernatant contained 0.53 wt% TiCl3AA. 
[0085] In this Example 5, a stationary nozzle technique was used. The nozzle had 
an inner nozzle ID of 0.06" (about 1524 pm) and an outer nozzle ID of 0.1 2" (about 
3048 pm). The core material 14 was 1-Decene mixed together, in the weight ratio 
18.3:1.0, with the pre-polymerized catalyst above. The pre-polymerized catalyst 
was mixed with the 1-Decene to make the core material 14 just prior to its extrusion 
into the nozzle 10. The encapsulation was run with the shell at 3.4 g/min and core 
at 16 g/min to give a core payload of about 82.5 wt%. The core contained 95.5 wt% 
1-Decene. 

[0086] The shell material 18 was a molten mixture of 67 wt% polyethylene glycol 
1000, 30 wt% polyethylene glycol 8000 and 3 wt% POLYOX WSR N-10 (available 
from Union Carbide Chemicals & Plastics Co., Inc., Danbury, Connecticut). The 
"1000" and "8000" values of polyethylene glycol refer to molecular weight. The 
above, upon heating to a temperature of about 150°F (about 65°C), was flowed 
through annulus 16 of nozzle 10. 

[0087] The shell 24 formed rapidly upon cooling in a chilled ISOPAR-L bath that 
was kept between -20 and +1 1 °F (approximately -29 to -1 1 .7°C). ISOPAR-L is a 
synthetically produced isoparaffinic solvent sold by ExxonMobil Chemical Co. The 
capsules were stored in the cold ISOPAR-L collection vessel for a 27 hour time 
period to allow for sufficient polymerization of the monomer in the core of the cap- 
sules. This permitted the 1-Decene to bulk polymerize on a small scale within the 
shell 24. 

[0088] Successful microcapsules were prepared in the size ranging between 750 
and 6000 pm, and having an approximate payload of 82.5 wt%. After 27 hours of 
reaction, the completed EDRA particles were recovered by pouring the capsules 
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and the cold ISOPAR-L over a strainer and collecting the EDRA particles. The 
completed EDRA particles did not cold flow together, and were easily handled and 
transported. EDRA particles, which had the best catalyst color, were inspected and 
selected for quality analysis. It was determined that the best conversion of 1-De- 
5 cene to poly-1-Decene was about 83% and the best inherent drag reduction quality 
of the poly-1-Decene as measured in a %-inch line laboratory setup was 55% at a 
polymer concentration of 0.25 PPM. The particular EDRA of this Example would be 
suitable for inclusion in a flowing hydrocarbon stream, such as a crude oil in a pipe- 
line. 

10 

EXAMPLE 6 

[0089] This example highlights the elimination of the use of kerosene or mineral 
oil to act as a carrier for the catalyst and thereby increase the monomer loading in 
the core. The core contained 99.3 wt% 1-Decene, which is the highest in examples 

15 4-6. The reaction system consisted of a 0.3 wt% dispersion of T1CI3AA in 1-Decene 
and an aluminum alkyl treated 1-Decene solution containing 0.13 wt% DEAC and 
0.047 wt% DEALE. This example uses a shell formulation made from 97 wt% 
methoxypolyethylene glycol 2000 and 3 wt % POLYOX WSR N-10. 
[0090] In this Example 6, a stationary nozzle technique was used. The nozzle had 

20 an inner nozzle ID of 0.06" (about 1524 pm) and an outer nozzle ID of 0.12" (about 
3048 pm). The core material 14 was a 50/50 weight mixture of the TiCI^AA disper- 
sion in 1-Decene and the aluminum alkyl solution in 1-Decene. The two reactant 
streams were mixed to make the core material 14 just prior to its extrusion into the 
nozzle 10. The encapsulation was run with the shell at 5.0 g/min and core at 16 

25 g/min to give a core payload of about 76.2 wt%. 

[0091] The shell material 18 was a molten mixture of 97 wt% methoxypolyethyl- 
ene glycol 2000 and 3 wt% POLYOX WSR N-10 (available from Union Carbide 
Chemicals & Plastics Co., Inc., Danbury, Connecticut). The above, upon heating to 
a temperature of about 150°F (about 65°C), was flowed through annulus 16 of noz- 

30 zle 10. 



29 



30 



[0092] The shell 24 formed rapidly upon cooling in a chilled ISOPAR-L bath that 
was kept between -20 and +32°F (approximately -29 to 0°C). ISOPAR-L is a syn- 
thetically produced isoparaffinic solvent sold by ExxonMobil Chemical Co. The cap- 
sules were stored in the cold ISOPAR-L collection vessel for a 21 hour time period 
5 to allow for sufficient polymerization of the monomer in the core of the capsules. 
This permitted the 1-Decene to bulk polymerize on a small scale within the shell 24. 
[0093] Successful microcapsules were prepared in the size ranging between 750 
and 6000 jjm, and having an approximate payload of 76.2 wt%. After 21 hours of 
^ reaction, the completed EDRA particles were recovered by pouring the capsules 

1 0 and the cold ISOPAR-L over a strainer and collecting the EDRA particles. The 
completed EDRA particles did not cold flow together, and were easily handled and 
transported. EDRA particles, which had the best catalyst color, were inspected and 
selected for quality analysis. It was determined that the best conversion of 1-De- 
cene to poly-1-Decene was about 76% and the best inherent drag reduction quality 
1 5 of the poly-1-Decene as measured in a %-inch line laboratory setup was 52% at a 
polymer concentration of 0.25 PPM. The particular EDRA of this Example would be 
suitable for inclusion in a flowing hydrocarbon stream, such as a crude oil in a pipe- 
line. 

20 [0094] The inventive microencapsulated drag reducing agents would have the 
advantages of quick dissolution in flowing liquids, injection into the liquids without 
the need for injection probes or other specialized equipment, and would not, in most 
embodiments, require any grinding of the polymer. Very importantly, by being 
microencapsulated in a protective shell, the drag reducing polymers would not cold 
25 flow together and cause handling problems. Additionally, since the MORA and mac- 
roDRA would be almost entirely polymer, that is, have a very high concentration of 
polymer, with only catalyst and shell otherwise being present, the amount of mate- 
rial that would have to be shipped and handled would be greatly reduced. That is, 
no solvent would be present to dilute the active drag reducer and increase produc- 
30 tion and transportation costs. Further, the inventive MDRAs and macroDRAs would 
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be expected to give exceptionally good drag reducing results at low concentrations, 
since the active polymer drag reducer is proven. 

[0095] Many modifications may be made in the composition and implementation of 
this invention without departing from the spirit and scope thereof that are defined 
only in the appended claims. For example, the exact combination of DRA polymer, 
shell material, barrier layer (if any) and catalyst may be different from those used 
here. Particular processing techniques may be developed to enable the shell and 
polymer portions of the MDRA to work together well. 
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